Abstract: Annual mortality events in Nile crocodiles (Crocodylus niloticus) in the Olifants River Gorge in Kruger National Park, South Africa, were experienced between 2008 and 2012, during which at least 216 crocodiles died. Live crocodiles were lethargic. Necropsy examination of 56 affected crocodiles showed dark yellow-brown firm nodules in both somatic fat and the abdominal fat body. In all of the 11 crocodiles submitted for histology, degenerative, necrotic, and inflammatory changes supported a diagnosis of steatitis in both fat types. Crocodiles are apex predators in this anthropogenically changed aquatic ecosystem that is used by humans upstream and downstream from the park for domestic, agricultural, fishing, and recreational purposes. This pathologic review of pansteatitis in crocodiles in the Olifants River system was part of a broad multidisciplinary research program. To date, no definitive causative agent has been identified. Epidemiologic evidence suggests that this event may have been a one-time event with long-standing repercussions on the health of the crocodiles. Pathologic findings are rarely documented in wild crocodilians. This study also reports on other conditions, including the presence of coccidian oocysts, capillarid and filaroid nematodes, digenetic trematodes, and pentastomes.
INTRODUCTION
Pansteatitis is a nutritional disorder affecting mammals, [4] [5] [6] [7] [8] [9] 13, 14, 16, 22, 33, 34, 41, 42, 52, 57 crocodilians, 12, 26, 29, 36, 39, 45, 51, 62 chelonians, 43 fish, 17, 23, 24, 44, 51, 56 and piscivorus birds 48, 53, 54, 60 that is characterized by inflammation and necrosis of adipose tissue and the resultant deposition of lipofuscin and ceroid pigment in fat stores, kidney, spleen, and liver. Affected fat is nodular to diffusely firm yellowbrown instead of pale glistening yellow or white. 5, 6, 8, 16, 26, 41, 55 The pathogenesis is uncertain, but dietary factors are commonly implicated, particularly the balance between dietary polyunsaturated fatty acids and tissue antioxidants concentration. 8 Pansteatitis is commonly associated with ingestion of high levels of dietary unsaturated fatty acids that may have become oxidized through prolonged storage, freezing, or exposure to environmental heat. 6 ,38,53 Selenium
13
and vitamin E deficiency, 5, 7, 9, 14, 21, 33, 34, 38, 45, 53 or both, are also commonly implicated. Vitamin E functions together with selenium and ascorbic acid in the enzymes glutathione peroxidase and superoxide dismutase to limit oxidative damage due to polyunsaturated fatty acid peroxidation. Glutathione peroxides also are also involved in the maintenance of normal permeability of capillaries and heart muscle. 21 Selenium also protects against mercury, cobalt, and silver toxicity. 37 However, because cases are recorded where the diet is not rancid and neither vitamin E nor selenium is deficient, 14,49 the pathogenesis is likely multifactorial. Intestinal or pancreatic disease may affect nutrient absorption, 6, 21, 34, 37 and ill-defined ''stress'' factors, including changes of diet, physical activity, hypothermia, and concurrent intoxications, 1, 48, 54, 56, 57 may affect nutrient and oxidant requirements.
The Nile crocodile (Crocodylus niloticus) is a large reptilian apex predator of freshwater systems throughout Africa. It is considered to be threatened in some parts of its range, 32 with all trade in live crocodile as well as their skins, meat, and other products subject to the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) Appendix 1 regulations. Populations are under threat due to removal of crocodiles from areas close to human habitation, river pollution, and altered riverine habitats by dams and irrigation schemes. 40 The Olifants River originates in an industrialized part of the province of Mpumulanga in South Africa, and it has been described as one of the most polluted rivers of southern Africa. 1, 19 It traverses Kruger National Park (KNP) from west to east and enters the Olifants Gorge (23898.8509S, 031882.5409E) as it passes through the Lebombo Mountains before entering the Massingir Dam in Mozambique (Fig. 1) .
In 2008, 2009, and 2010 , between May and September, 208 Nile crocodiles were found dead in the Olifants River Gorge in KNP. 11, 47 Pansteatitis was diagnosed in fat stores from all 11 crocodiles submitted for histologic evaluation. A broad multidisciplinary research program is underway to investigate these events, including pathologic, nutritional, ecologic, toxicologic, and epidemiologic investigations of the crocodiles and fish prey species. This paper describes the pathologic findings in the somatic adipose tissue and the abdominal fat body of the affected crocodiles, and because postmortem findings in wild crocodilians in this remote portion of South Africa are not available. Information on additional lesions in other tissues is included. Possible causes of these lesions, and testing planned as part of the wider investigation, are briefly reviewed.
MATERIALS AND METHODS
In winter (May-August) 2008, high numbers (170) of dead Nile crocodiles were noted in the Olifants River Gorge in the KNP. 11 The deaths subsided in the warmer summer (September 2008-April 2009) and recurred to a much lesser degree in winters 2009 (28 deaths) and 2010 (10 deaths). In 2011 and 2012, surveillance was limited by the need to assign resources to address significantly elevated rhinoceros poaching levels in KNP; however, four dead crocodiles were found in July 2011, with four additional carcasses in June-July 2012. Most of the 216 carcasses, and all of the crocodiles from which tissues were submitted for histologic examination were found in a 4-km stretch of the Olifants Gorge, along the South Africa-Mozambique border (Fig. 1) .
The logistic challenges caused by the remote location of the gorge, which is only accessible by helicopter or foot; the drawn-out time frame of the investigation; the size of the reptiles concerned; and their aquatic habitat restricted disease investigations and led to inconsistencies in sample and data collection. Field postmortem examinations were conducted in 2008 (18 cases), 2009 (28 cases), and 2010 (10 cases). In severely decomposed carcasses, only the skin was incised to examine the fat, whereas more detailed postmortem examinations were performed on fresher carcasses (one in 2008 and two in 2009; Table 1 ). In addition, eight moribund crocodiles were culled by brain shot expressly for diagnostic purposes (three in 2008, two in 2009, and three in 2010). Because crocodile growth is continuous, depending on environmental temperatures, reproductive status, and food availability, and because sexual maturity cannot be reliably evaluated in males at necropsy, sexual maturity from total body length was estimated. 26 A variable selection of tissues were collected from these 11 clinically affected crocodiles. These tissues were fixed in 10% buffered formalin and processed routinely. Samples were stained with hematoxylin and eosin, Ziehl Neelsen, Gram, Gomori's methamine silver, periodic acid shift, Perls' Prussian blue, and Gomori's aldehyde fuchsin.
RESULTS

General findings
Crocodile identification number, sex, sexual maturity, body length, body condition, whether or not they were shot for necropsy purposes, and key pathologic findings for the 11 crocodiles for which histology samples were collected are recorded in Table 1 . Clinically affected crocodiles were found lying either in shallow water or on land, were lethargic and weak, and unwilling or unable to move either on land or in the water.
Five crocodiles examined in 2008 and 2009 were in excellent body condition, with ample subcutaneous, tail, and visceral fat deposits and large abdominal fat bodies. In 2009, one crocodile was in poor condition and the other was emaciated. In 2010, two crocodiles were in poor condition and the other two were emaciated, with marked muscle wasting. Findings that suggested inappetence included hepatic atrophy; an empty gastrointestinal tract, apart from a few gastroliths and intestinal mucus; a distended gall bladder; and marked pancreatic zymogen granular depletion (crocodile 2010-1).
Steatitis and related lesions
Subcutaneous, tail (Fig. 2) , and visceral ( Fig. 3 ) fat deposits from 10 of the 11 crocodiles were variably swollen, firm, nodular, and dark yellowbrown, or they contained multiple dark yellowbrown nodules within normal pale yellow fat tissue. Fat stores were macroscopically normal in crocodile 2010-1. Although the severity of the fat lesions was not evaluated macroscopically, subcutaneous neck fat subjectively appeared to be less affected than visceral fat; and the abdominal fat body, which was relatively small in comparison with the ample masses of somatic fat, was usually least affected, with often only a few, firm discolored nodules (Fig. 4) . Affected adipose tissue surrounding the bifurcation of the trachea often obscured the associated endocrine glands.
All 11 crocodiles showed histologic adipose tissue lesions. In nine crocodiles, at least 75% of visceral fat showed saponification, degeneration, and necrosis characterized by loss of adipocyte cytoplasmic and nuclear definition, nuclear pyknosis and karyolysis, and replacement with amorphous pale pink intercellular material (interpreted as serum, degenerating fat, or both). Tracts of inflammation followed interlobular septae and serosal surfaces. Necrosis was associated with tracts and discrete coalescing foci of granulomatous inflammation consisting of foamy pink or pale yellow cellular debris and ceroid pigment, mixed with variable numbers of macrophages, histiocytes, rare erythrocytes, and occasional clusters of multinucleate giant cells (Fig. 5 ).
Blood vessels in interlobular septae were congested. Arterioles in and adjacent to the fat showed variable tunica media hyaline degeneration and multifocal mainly lymphoplasmacytic but occasionally heterophilic periarteritis. Acute leukocytoclastic and necrotizing vasculitis with thrombosis and associated infarction of surrounding adipose tissue was present in six cases ( Livers were firm dark brown to grayish with large numbers of macrophages laden with hemosiderin, ceroid, or lipofuchsin or a combination of all these pigments (Fig. 7) , variably associated with mild focal granulomatous lipid-associated hepatitis, hepatic lipidosis, and hydropic degeneration (Table 1) . Splenic and renal hemosiderosis as well as renal protein nephropathy and hydropic degeneration was common (Table 1) .
Additional findings
Four crocodiles had no other significant lesions apart from steatitis and related hepatic, splenic, and renal lesions (Table 1) . Additional lesions that may have contributed to lethargy, weakness, or death are listed in Table 2 . These lesions included moderately extensive external injuries attributed to bite wounds, postmortem scavenging by other crocodiles, or both (four crocodiles); marked ascites (four crocodiles); concurrent severe segmental acute necrotizing bacterial enteritis (three crocodiles); multifocal myocardial necrosis (three crocodiles); gastric ulceration with or without secondary bacterial gastritis (two crocodiles); mild hydropericardium 
DISCUSSION
General findings
The macroscopic and histologic appearance of the tissues from these crocodiles is consistent with a diagnosis of pansteatitis, as recorded previously in chelonians 43 and crocodilians. 11, 26, 29, 36, 39, 45, 51, 62 Ceroid pigment, lipofuscin pigment, or both in macrophages in liver, spleen, and kidney as well as in fat was recorded in nutritional panniculitis in domestic cats, swine, foals, and mink. 16 Ceroid is considered the early stage of fatty acid oxidation and is thought to trigger the inflammatory response. The final product is lipofuscin, an insoluble product of the polymerization of peroxides of unsaturated fatty acids with lipoproteins that is responsible for the typical yellow discoloration of the adipose tissue.
8,29,52
The reason why mainly adult male crocodiles were affected is obscure. Detection of carcasses in the wild depends at least in part on carcass size and the rate at which carcasses are removed by scavengers and other ecologic disposal mechanisms. 63 Smaller male or female crocodiles that drowned during these mortality events, for example, may have gone uncounted. Spatial river use and diet also may differ between males and females. Endocrine disrupting chemicals are being analyzed in the water and sediments to investigate the possible role of testosterone in the development of steatitis.
Cause of death
Evaluation of the cause of lethargy or death was hampered by submission of only selected tissues from each crocodile carcass and by the lack of reported or archived information on common conditions present in free-ranging crocodiles. Death in crocodiles with steatitis has been previously attributed to starvation and exposure. 26 Smaller numbers of dead crocodiles were noted in 2009 and 2010, and examined crocodiles had marked muscle wasting, compared with the crocodiles in 2008 that were in excellent body condition. Five of the six crocodiles from the 2009-2010 cohort for which gastrointestinal content was noted had empty gastrointestinal tracts. Their somatic and fat body fat stores were reduced, but five of the seven crocodiles still had significant steatitis, often without the necrosis seen in earlier cases. Although how long ceroid and lipofuscin pigment remains in the fat is unknown, this finding suggests that an initial incident occurred in 2008 in which severely affected crocodiles died acutely, whereas less severely affected crocodiles survived the initial incident but incurred sufficient damage to the fat stores that led eventually to their death due to starvation and or cannibalism.
Crocodiles have two different types of fat stores: somatic and metabolic. ''Somatic'' fat is found under the neck and abdominal skin in adult crocodiles, as well as between the tail muscles, under the peritoneum, in the mesentery, and in the thorax surrounding the trachea. ''Metabolic'' fat is found in the abdominal fat body and is more readily accessible than somatic fat. 26 Steatitis likely renders stored fat metabolically unavailable. Because inflammation was usually much milder in the abdominal fat body than in somatic fat, crocodiles with large fat bodies, despite extensive somatic fat lesions (in 2008 and 2009), likely had accessible nutritional reserves and death was caused by other factors. 26 Steatitis alone appeared to be the cause of death in one of the three crocodiles found dead and in three crocodiles shot for necropsy purposes. Somatic fat steatitis, particularly between the muscles of the tail, was likely at least in part responsible for the inability or unwillingness of the crocodiles to swim, perhaps due to pain, mechanical compression of the musculature, loss of normal adipose flexibility, or a combination of these factors. 26 However, death was likely to have been multifactorial, at least in some cases, because at least mild steatitis may occur in apparently healthy crocodiles, 39 and crocodiles 2009-4 and 2010-1 had minimal steatitis despite clinical signs that resembled those shown by crocodiles with steatitis.
In farmed Cuban crocodiles suffering from pansteatitis, 45 vitamin E-deficient fish, 23, 56 and terrestrial mammals, 7,9,33,34,42,52 hyaline leg muscle degeneration was thought to be an additional reason for the animals' inability to move. Myocardial necrosis was present in 3 of the 11 crocodiles, and skeletal muscle necrosis was present in one of the six crocodiles where muscle was sampled (Table 1) . Heart failure, muscle necrosis, or both may therefore partially account for the lethargy noted. Crocodiles sampled in 2008 showed significant hypocalcemia compared with free-ranging crocodiles, a condition that also may have contributed to the lethargy. 4 Concurrent acute bacterial gastroenteritis, fungal gastroenteritis, or both; hepatitis; or pneumonia likely significantly affected health status in six crocodiles. Whether these infections were primary infections 30, 31 or secondary to compromised immunity or altered intestinal flora as a result of stress, compromised thermoregulation, inappetence, or secondary to external injuries (seen in four crocodiles) 26, 27 is uncertain. These infections, as well as nonspecific subacute tissue inflammation and parasite infestations, likely account for the splenomegaly (seen in four crocodiles) and the splenic capsular ''buds'' (seen in three crocodiles), a sign of an activated system immune response in crocodiles. 26 Intestinal obstruction and altered intestinal motility due to mesenteric fat necrosis may have occurred as described in cattle. 6 The pathogenesis of ascites and hydropericardium is uncertain, because it was not clearly related to poor body condition (hypoproteinemia), external injuries, systemic infectious disease, or myocardial necrosis. Acute heart failure may have played a role. Hepatic atrophy and lipidosis may have been due to starvation, hypertriglyceridemia, or both and oxidative lipolysis may have been due to anorexia and fat necrosis.
Pathogenesis
Steatitis commonly results from an altered balance between oxidants, such as high levels of dietary unsaturated fatty acids, trophic accumulation of oxidants, or both, and the levels of antioxidants.
14,17,29 Dietary deficiencies of selenium and vitamin E have been implicated in the development of steatitis in fish and reptiles. 21, 23, 38, 44, 45 Ingestion of fish suffering from steatitis could account for the crocodile steatitis. Sharptooth catfish (Clarias gariepinus) are a common component of Nile crocodile diets, 61 and many of the larger specimens of these fish in the Olifants River Gorge had similar steatitis. 28 However, only minimal differences in fatty acid profiles were found between affected and noninfected crocodiles, 50 in contrast to those recorded in experimentally induced steatitis in cats.
14 In addition, many of these large catfish in the gorge, had fish remnants in their stomachs, compared with vegetable or invertebrate content in the stomachs of catfish from other waters where steatitis was not present. These findings suggest that the catfish were either preying on other weakened fish or scavenging off dead fish in the gorge. 28 Stable isotope analysis is underway to evaluate the relative trophic levels of the fish and crocodiles to investigate whether they are affected through a common dietary source.
Apart from a diet high in oxidized unsaturated fat, abnormal dietary levels of other oxidants may be relevant, because high iron intake in sharptooth catfish caused poor growth and high lipid peroxidation products and depleted a-tocopherol stores. 3 Vasculitis associated with the steatitis could be an indication of infectious or immunemediated disease; however, vasculitis is a feature of hepatosis dietetica in pigs, which is due to combined deficiencies of sulfur-rich amino acids, vitamin E, and selenium. 6, 8 Tissue selenium and vitamin E levels are being tested. The typical mineralization and multiphasic muscle damage seen in domestic animals with vitamin E deficiency also was not present in these crocodiles, but typical lesions may have been missed because no leg muscles were sampled in this series. In crocodiles, degenerative brain lesions similar to those of encephalomalacia in chicks occur in hypovitaminosis E. 45 In the present study, no brains were sampled; for humane reasons, the live animals were killed by a gunshot to the brain. Diseases such as enteritis that may affect absorption of needed antioxidants also may cause steatitis, 14, 59 but no such disease was noted in these crocodiles.
Low and fluctuating ambient temperatures play a role in the development of steatitis in vitamin Edeficient fish 55 and crocodiles. 11, 45, 62 Poikilothermic animals depend on lipoprotein and polyunsaturated fats to maintain membrane fluidity and normal metabolic function. They are thus likely to be more sensitive to the effects of lipid oxidation at lower ambient temperatures because temperature-dependent metabolic rates affect oxidative pathways. 25, 57 Annual mortality events (2008-2009) were closely related to winter minimum temperatures at a nearby weather station (Letaba), with mortalities starting in mid-May, peaking in mid-July, and tailing off by mid-September (Fig. 8) . Temperature records for subsequent years are currently not available. Steatitis-related immobility also could have impaired normal behavioral thermoregulation. 18 Additional factors such as pollution have been suggested as a possible cause of the fish and crocodile mortalities in the Olifants River because it is known to be a highly polluted river, 1 and a large multispecies die-off occurred approximately 300 km upstream in the Loskop Dam in 2007 after a release of acid mine water effluent into the river. 10, 47 Toxins have been implicated in the pathogenesis of steatitis in ruminants, 58 fish, 55 and birds. 10, 43, 47, 48 Testing of pollutant levels in the water and crocodile tissues is underway, as well as testing in waters and crocodile tissues from unaffected rivers for comparison. Evaluation of direct, additive, and synergistic effects of pollutants is planned.
Several simultaneous changes occurred in the Olifants River Gorge in 2008. One change involved increased river flow rates due to unusually heavy rains and the raising of sluice gate levels at the downstream Massingir Dam in Mozambique, leading to flooding of the gorge, associated progressive eutrophication and blue-green algae (cyanobacteria) blooms, and a buildup of fine clay sediments in the areas favored by the crocodiles. But whether these changes resulted in altered exposure to pollutants, caused stress, or altered activity patterns that triggered an oxidant imbalance 7, 8, 44 is uncertain. Sharptooth catfish from the Olifants Gorge had more clay sediments in their intestines than those from waters where the fish do not have steatitis. 28 Sediments in the flooded gorge may concentrate pollutants to which fish and crocodiles are then exposed. The last recorded mass mortality of fish in the Olifants Gorge occurred 27 yr earlier after the release of silt into the river (Venter, pers. comm.). This mass mortality involved various species of fish and was not associated with crocodile mortalities, possibly because the widespread and even distribution of dead fish throughout the Olifants River allowed for rapid consumption by various scavengers.
The cyanobacterial bloom that developed at the inlet of the Massingir Dam may be significant. Liver levels of microcystin toxin are being determined. Typical hepatic necrosis seen in mammalian cases of algae microcystin toxicity 20 was not present in these crocodiles, although species differences in susceptibility and tissue responses to this toxin may occur. In addition, cyanobacteria produce a variety of toxins, the effects of some of which are not well characterized. 48 Mice with Coxsackie virus infection may develop steatitis; 22 however, no infectious agents have been found on light microscopy in association with the lesions in these crocodiles, thus their role is uncertain. Pericarditis and epicarditis may result, in crocodiles, from septicemia and Mycoplasma infection; 27 epicarditis was found in only two crocodiles and the lesions were chronic, with no indication of a possible cause at the time of death or relationship to the development of steatitis.
Incidental findings
Mild nonspecific hepatic melanophage hyperplasia, myelopoiesis, and periportal hepatitis as well as mildly reactive spleens are likely within normal range for free-ranging crocodiles. Nile crocodile coccidia have not yet been named, with the exception of Goussia sp. that is characterized by the presence of sporulated oocysts in intestine and other organs, as found in the present material. 15 The cross-sectioned nematode larvae in the stomach of crocodile 2009-3 resembled Crocodilocapillaria longiovata, a species that has been described from crocodiles in Australia and New Guinea. 46 Similar nematodes have been found in the gastric glands of wild-caught African dwarf crocodiles (Osteolaemus tetraspis). 26 The nema- todes found free in the abdominal cavity or under the serosa were not submitted for identification but most likely were Filariae, for example, Oswaldofilaria vesterae, a species known from Nile crocodiles in South Africa. 2 An absence of Paratrichosoma trails noted in the skins might be linked to the disturbed ecosystem, affecting the survival of invertebrate intermediate hosts. Many species of digenetic trematodes are found in Nile crocodiles, but they cannot be identified from cross sections in histopathologic specimens. 26 Pentastomes belonging to genera Leiperia, Sebeki, and Alofia have been found in Nile crocodiles in KNP; they all use fish as intermediate hosts. 35 
CONCLUSIONS
No previous mortality event affecting the crocodile in KNP is on record. The cause or causes of the steatitis in Nile crocodiles and sharptooth catfish in the Olifants River Gorge have not yet been established. Reduced mortality each year and decreasing nutritional condition in affected crocodiles suggest that an initial incident occurred in 2008 with long-standing effects on the crocodile population. The role of infectious agents, vitamin E or selenium deficiency, exposure to pollutants or cyanobacterial toxins, the health and diet of catfish on the Olifants River Gorge, the ecologic role played by alien invasive filter-feeding silver carp (Hypophthalmichthys molitrix), and the health status in human users of the lower Olifants River system are the subject of a broad multidisciplinary research program supervised by SANParks. The passage of time, the exit of polluted water from the river system, and the complexity of the anthropogenic factors affecting this river will likely hamper the investigation. Crocodiles are apex predators in an aquatic environment that also is used by humans upstream and downstream from KNP for water collection, fishing, and recreation. Crocodiles in this scenario are thought to play a similar role to raptors affected by 1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane (DDT), by alerting scientists and policy makers to anthropogenic environmental changes that may have far reaching effects on domestic animal, wildlife, and human health.
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